This research investigated the changing morphology of silicon (Si)-supported titanium dioxide (TiO 2 ) thin lms with different heating rates and molecular weights (M W ) of the added polyethylene glycol (PEG). The TiO 2 lms were deposited on a Si wafer (100) by sol-gel spin coating with PEG (M W = 6,000 or 35,000 g·mol −1 ) as pore generating agents. Calcination at 450 C completely decomposed all the organic residues in the TiO 2 sol, and the resultant lms were in the anatase phase. The combustion nature of PEG was found to be the main factor controlling the lm s morphology, where the exothermic heat of PEG combustion tended to be higher with increased heating rates and dependent on the type of PEG (extended and folded chain crystal). At heating rates of 10 C·min −1 or higher, the exothermic heat led to localized grain coalescence in the TiO 2 lms, which decreased the lm porosity. However, this exothermic heat also simultaneously induced pore agglomeration. Hence, the average pore size of PEG-containing lms were larger than in lms without PEG. In contrast, the heating rate did not signicantly affect the morphology lms without PEG.
Introduction
Silicon (Si)-based devices have been widely used for a solar cell applications because they have a high ef ciency of energy conversion. However, they also have a high re ectivity, which can reach approximately 35%R at a 550 nm wavelength. 1) Several approaches have been taken to improve the optical and re ectivity properties of Si for use in solar cells. [2] [3] [4] [5] Coating the Si wafer with anti-re ective materials is one way to reduce their re ectivity. Titanium dioxide (TiO 2 ) thin lms have been widely used as an anti-re ective coating for Si solar cells due to their transparency and suitable refractive index of nearly 2. [3] [4] [5] The anti-re ective nature depends on several factors, such as the phase, lm thickness, pore size and porosity. [3] [4] [5] [6] [7] Among the different TiO 2 phases, anatase was found to be appropriate for anti-re ective applications because it has a wider band gap and lower refractive index compared to those of rutile. 6) Yoldas and Partlow also reported the in uence of porosity on the anti-re ective properties, where the refractive index could be reduced to close 2, minimizing light re ection. 7) However, there exists an optimal pore size range (2-50 nm), where larger pores could cause undesirable light scattering within the lm. 4) Several processing methods have been employed to prepare thin TiO 2 lms, including chemical vapor deposition, physical vapor deposition and evaporation. However, these methods yield relatively dense lms and are dif cult to control the porosity. On the other hand, the simpler sol-gel method allows manipulation of the pore size and porosity by means of using pore-generating agents or calcination conditions. Polyethylene glycol (PEG) is one pore-generating agent that has been widely used in preparing TiO 2 porous thin lms by sol-gel. [8] [9] [10] The addition amount and molecular weight (M W ) of PEG were reported to be the main parameters in tailoring the lm porosity, [9] [10] [11] where a higher degree of either parameter tended to improve the lm porosity. 9, 11) Given that the pore formation is caused by the decomposition of PEG, the characteristics of its thermal decomposition could potentially be another in uential parameter affecting the nature of the lm porosity. The decomposition of PEG occurs during the heating step of calcination. Common to general polymers, the decomposition kinetics can result in different morphology according to the outward migration. However, there is still a lack of information on the calcination parameters, especially the heating rate, which might affect the thermal decomposition behavior of PEG and so result in different porosity characteristics. Therefore, this study aimed to investigate the thermal decomposition behavior of TiO 2 /PEG sols with different M W PEG as well as the effect of the heating rate on the morphology of the obtained thin lms processed by spin coating.
Experimental Procedure
In this research, TiO 2 thin lms were deposited on Si wafer by a sol-gel spin coating technique with PEG as the pore-generating agent. To examine the effect of the different amounts and M W of PEG, TiO 2 sols were categorized into the three groups of TiO 2 sols without any PEG (noPEG) and TiO 2 sols with PEG of M W 6,000 (6kPEG) and 35,000 (35kPEG) g·mol ) under an O 2 atmosphere. Decomposition of the organic residues after heating were detected by Fourier transform infrared spectroscopy (FTIR; BRUKER Optics Vertex70).
The TiO 2 lms were fabricated by spin-coating the sols on a (100) Si wafer at 2,000 rpm for 30 s, and then aged at 120 C for 1 h before being calcined at 450 C for 1 h at a heating rate of either 1 or 10 C·min . The phasic nature and morphology were characterized by X-ray diffraction (XRD; model D/ Max 2200P/C) and Field-emission scanning electron microscopy (FESEM; modal JSM-7100F). Grain and pore sizes were measured by hand-counting based on characteristic length method. Pore area fraction ( lm porosity) was calculated using the Image J software.
Results and Discussion

Determination of the calcination temperature and
the effect of heating rate on the PEG thermal decomposition Initially, the appropriate calcination temperature to decompose the PEG was evaluated by TGA. Figure 1 shows representative thermal degradation pro les of the noPEG and 35kPEG samples along with that for pure PEG (M W = 35,000 g·mol
) as a reference. The noPEG sample yielded a two stage weight loss, with the rst stage (90-150 C) ascribed to the dehydration of adsorbed water and the second (300-440 C) to the dissociation of Ti-AcAc complexes. 12, 13) This range was in agreement with that reported previously (350 C) for the decomposition of the Ti-AcAc complex.
13)
The 35kPEG sample showed three stages of thermal decomposition. The rst was water dehydration at 95-120 C the second at 215-280 C was associated with the decomposition of PEG, since it was similar to that found in the pure PEG sample. The last stage at 285-410 C likely originated from the decomposition of the Ti-AcAc complex. A constant residual weight was obtained after 450 C in both samples, and so subsequent calcinations were performed at 450 C to eliminate unwanted residues.
To further con rm the complete decomposition of organic and inorganic impurities, FTIR was used to examine the samples calcined at 450 C for 1 h (Fig. 2) . The strong absorption bands at 490 and 657 cm −1 were indexed to be from Ti-O and Ti-O-Ti, respectively. 14) The peaks at 3420 and 1640 cm −1 were attributed to O-H bending and H-O-H stretching, respectively, 15) while CO 2 contamination due to instrumental error resulted in the peak at 2345 cm −1 . 15) No observable organic peaks were detected. Therefore, coupled with the TGA results, calcination at 450 C could eliminate all organics in the samples.
The thermal behavior of the TiO 2 -based powders was evaluated at different heating rates (1-20 C·min −1 ), with representative TGA and differential thermogravimetry (DTG) proles of the noPEG sample shown in Fig. 3(a) . The data dis- ) and the noPEG and 35kPEG TiO 2 sol lms. plays two steps of weight loss in the range of 70-160 C and 235-440 C, ascribed to the dehydration and decomposition of Ti-AcAc, respectively. 12, 13) The TGA and DTG results of the 6kPEG samples are shown in Fig. 3(b) , where a three stage weight loss in the range of 70-150, 230-335 and 335-445 C was evident. The rst and third step was the dehydration and Ti-AcAc decomposition, respectively, while the second stage is likely to be the decomposition of PEG molecules because this step was not found in the noPEG samples, while PEG (M W = 6,000 g·mol −1 ) has been reported to decompose at 268-351 C. 9) In addition, PEG tended to arrange into semi-crystalline molecules (extended and folded chain crystals) with increasing molecular weight. 16, 17) Indeed, M W ≥ 4,000 g·mol −1 PEG can simultaneously form both extended and folded chain crystals, where the volume fraction of folded chain crystals increases with increasing molecular weight. In contrast, PEG of M W < 4,000 g·mol −1 only formed extended chain crystals. 16) Hence, the weight loss at 230-335 C in the 6kPEG samples is ascribed to the decomposition of semi-crystalline (extended chain crystal) PEG. Figure 3(c) shows the TGA and DTG results of the 35kPEG samples, which contained of four stages of weight loss at 50-210, 200-225, 251-275 and 325-400 C. Dehydration and the decomposition of Ti-AcAc accounted for the rst (50-210 C) and fourth (325-400 C) stage, respectively, while the weight loss at 200-225 C and 251-275 C were probably related to the decomposition of the folded and extended PEG chain crystals, respectively, given that folded chain crystals are less thermodynamically stable than extended chain crystals. 16) The maximum decomposition rates characterized by the DTG peaks (Gaussian tting) were different among the different heating rates and the decomposition steps are shown in Table 1 . The temperature of the maximum decomposition rate increased in all samples with increasing heating rates, in agreement with Kissinger s equation, 18) where the energy and temperature of combustion of a polymer increase with the heating rate. The maximum decomposition step in each sample was different and depended on the PEG content (Table 1) .
To examine the thermal behavior in terms of input and output of energy during calcination, DSC was employed and representative DSC pro les of the noPEG, 6kPEG and 35kPEG samples are shown in Fig. 4 . For the noPEG samples (Fig. 4(a) ), the small endothermic peak at 70-200 C and a broad exothermic peak at 235-400 C were ascribed to the dehydration of H 2 O molecules and the decomposition (combustion) of Ti-AcAc molecules, respectively. The small exothermic peak (approximately 410 C) without any signi cant weight change was due to the phase transformation of TiO 2 from amorphous to anatase. This peak shifted to a higher temperature with an increasing heating rate up to 10 C·min , which is in accord with the reported transformation occurring in the 400-550 C range. 19) The DSC results of the 6kPEG samples (Fig. 4(b) ) revealed broad exothermic peaks in the 235-415 C range, which could be deconvoluted into two peaks. The rst and second peaks could be induced by the decomposition of semi-crystalline PEG molecules (extended chain crystals) and Ti-AcAc molecules, respectively, as previously mentioned in the TGA and DTA results. In case of the Table 1 Decomposition steps and temperature of the maximum decomposition rate of the TiO 2 sol lms calcined at different heating rates.
Sample
Source of decomposition step Temperature of maximum decomposition rate ( C) 35kPEG samples (Fig. 4(c) ), the complicated exothermic peaks were found in the 172-385 C and involved the combustion of folded chains crystals, extended chain crystals and TiAcAc molecules. The highest sharp exothermic peak could be related to the combustion of extended chain crystals even though the decomposition rate of folded chain PEG crystals was higher. Therefore, the combustion of the extended chain PEG crystals could release more energy than the folded chain crystals. This was in agreement with the report that the heat of formation of extended chain PEG crystals was higher than that of folded chain crystals. 16) In addition, the exothermic heat of combustion tended to be higher with higher heating rates as well as the decomposition rate.
Effect of the heating rate on phase transformation
Phase transformation of TiO 2 in the lms calcined at 450 C with different heating rates was examined by XRD, with representative examples shown in Fig. 5 . All lms displayed the dominant TiO 2 anatase phase (JCPDS 78-2486) independent of the PEG M W . This phase formation was supported by the presence of the Ti-O and T-O-Ti vibrations in the FTIR results, while the DSC results showed a small exothermic peak at 410 C due to the phase transformation. In agreement, it was previously reported that the TiO 2 anatase was present when TiO 2 sols were calcined at 450 C for 3 h. 20) The crystallite sizes of TiO 2 were calculated by Scherrer s equation and are shown in Fig. 6 , where they were found to decrease with an increasing heating rate. This was caused by the shorter duration of grain growth during the calcination cycle. However, the rate of the size reduction in the 6kPEG and 35kPEG lms was lower than that in the noPEG lms as a function of the heating rate. This could be related to the acquisition of auxiliary heat from the combustion of PEG, which would be higher with higher heating rates as previously discussed in the DSC results in this section. ) in the calcination stage were studied by FESEM (Fig. 7) . At a heating rate of 1 C·min
, there was no noticeable difference in the morphology among the lms with and without PEG. This might be due to the low exothermic heat of PEG combustion and that the grains have enough time for coarsening. At a heating rate of 10 C·min −1 the morphology of the noPEG lm was quite similar to those calcined at 1 C·min , whereas the 6kPEG and 35kPEG lms yielded some localized coalescence of grains with a higher degree in the 35kPEG lm. This was also suggested to be the result of the additional exothermic heat of PEG combustion leading to localized coalescence of grains in some areas, where this exothermic heat is higher at higher heating rates.
Grain size distribution of the lms calcined at 450 C for 1 h at a heating rate of 1 and 10 C·min −1 are shown in Fig. 8 . At a heating rate of 1 C·min , their grain size distribution pro les were unimodal with a modality of approximately 15-17 nm, with no signi cant difference between the samples. However, the grain size distribution pro les of the 6kPEG and 35kPEG lms changed to bimodal when the heat- ing rate was increased to 10 C·min . This supported the previous hypothesis that the exothermic heat of PEG combustion transferred to the adjacent area and led to coalescence of the grains supplying them with auxiliary exothermic heat. Accordingly, the rst and second modality represented the normal grains and those grains affected from exothermic heat of combustion, respectively.
The lm s porosity and pore size were calculated using the Image J software and hand-counting based on the characteristic length method. The average pore size of all the lms calcined at a heating rate of 1 C·min −1 was in a range of 9.2-9.4 nm (with SDs of 2.8, 1.2 and 2.8 for the noPEG, 6kPEG and 35kPEG lms, respectively) and was independent of the added PEG content. Because of the suf cient calcination time and relatively low temperature, coarsening mechanism was the dominating factor that caused the pores to grow by Oswald ripening. 21, 22) Hence, the added PEG had no signi cant effect on the lm pore size. At a calcination heating rate of 10 C·min , the average pore size of the lms were slightly decreased due to the shorter (insuf cient) period of time for coarsening with the average pore sizes of the noPEG, 6kPEG and 35kPEG TiO 2 sol lms being 7.3 ± 2.6, 9.0 ± 3.5 and 8.2 ± 2.9 nm, respectively. The exothermic heat from the PEG combustion caused pore agglomeration, and so the average pore size in the 6kPEG and 35kPEG lms was larger than that in the noPEG lm. The DSC results showed the combustion of the extended chain PEG crystals released a higher amount of heat than the folded chain crystals. The 6kPEG lms had only extended chain PEG crystals, whereas the 35kPEG lms contained both extended and folded chain PEG crystals and so the exothermic heat from PEG combustion in the 6kPEG lms was higher than that from the 35kPEG lms, leading to a higher degree of pore agglomeration and higher average pore size in the 6kPEG lms. The porosity of TiO 2 lm was evaluated in terms of its pore area fraction. Those calcined at a heating rate of 1 C·min −1 (7.6%) had a higher porosity than the noPEG lm (6.8%), whilst it was highest in the 35kPEG lms (8.5%). Generally, the porosity of lms increased with a higher M W of PEG, 9) because the coarsening is a non-densifying mechanism and so . Data are shown as the mean ± 1 SD, derived from 6 independent repeats. the decomposition of PEG increased the lm s porosity. 23) When the calcination heating rate was increased to 10 C·min −1 , the porosity of the 6kPEG and 35kPEG lms decreased (compared to those calcined at 1 C·min −1 ) to 6 and 6.6%, respectively. This is presumably due to the exothermic heat of the PEG combustion at 10 C·min −1 leading to localized coalescence grains, as already discussed. These coalescence grains then cause the elimination of some of the pores surrounding that area. Thus, as the 6kPEG and 35kPEG lms undergo coarsening and localized grain coalescence, the porosity of these lms tended to decrease with an increasing heating rate. In contrast, the noPEG sample experienced only coarsening, a non-densifying mechanism, and so the porosity of the noPEG lms calcined at a heating rate of 10 C·min 
Conclusions
The morphology of the spin coated TiO 2 thin lms was generally dependent on both the M W of the added PEG and the heating rate of the calcination. Certain morphological characteristics were closely related to the heat generated by the PEG burnout. The faster the heating rate, the higher the temperature of maximum decomposition rate. This was explained by the heat ash generated at a high heating rate, as characterized by the exothermic peaks in the DSC analysis. At a calcination temperature of 450 C, the TiO 2 remained in the anatase phase regardless of the PEG M W or the heating rate. A slight reduction in the crystallite size occurred with increasing heating rates, presumably due to the shorter time available for the crystal growth from the heat ash, a process which is predominantly controlled by kinetics. The amount of exothermic heat released from PEG combustion in the 6kPEG lms was higher than in the 35kPEG, which led to a higher degree of pore agglomeration and higher average pore size. The con guration of PEG crystals is also suggested to be a factor responsible for the variation in the porosity of the lms.
